Excess free iron generates oxidative stress that may contribute to the pathogenesis of various causes of neurodegenerative diseases. In this study, we assessed the modification of ferritin induced by H2O2. When ferritin was incubated with H2O2, the degradation of ferritin L-chain increased with the H2O2 concentration whereas ferritin H-chain was remained. 
INTRODUCTION
Ferritin is composed of 24 subunits forming a cavity that can store up to 4,500 atoms of ferric ions (1) . The subunits are of two types, termed H (heavy) and L (light), which are present in varying ratios in different tissues. Subunits of type L contribute to the nucleation of the iron core, but lack the ferroxidase activity necessary for uptake of ferrous (Fe 2+ ) iron. Subunits of type H possess ferroxidase activity and promote rapid uptake and oxidation of ferrous iron.
Reactive oxygen species (ROS) are involved in normal cell processes such as cell signaling and proliferation. However, when in excess, ROS cause damage to cellular biomolecules and are implicated in the etiology of a wide variety of diseases, including atherosclerosis, diabetes, neurodegenerative diseases, chronic inflammatory disease, and cancer, as well as in ageing (2) (3) (4) (5) (6) . Iron is necessary for the transport of oxygen and the function of enzymes. However, iron also donates electrons for the generation of ROS via the Fenton reaction. The toxicity of iron in cellular systems is attributable in large part to its capacity to participate in the generation of ROS, which can directly damage proteins, DNA and lipids, leading to profound cellular toxicity (7) . Recently, it has been reported that deposition of iron in the brain results from the release of iron from ferritin (8, 9) . Ferritin cores in the substantia nigra (SN) of Parkinson's disease (PD) patients have been shown to be denser and to harbor more iron than those in the SN of healthy subjects (10) .
In this study, we assessed the oxidative damage of ferritin caused by H2O2. Our results suggest that the modification of ferritin induced by H2O2 may be due to the oxidative damage resulting from free radicals generated via the Fenton reaction induced by free iron which released from oxidatively damaged ferritin.
RESULTS AND DISCUSSION
To determine whether the modification of ferritin was induced by H2O2, the reaction mixtures containing ferritin and H2O2 were subjected to SDS-PAGE analysis. SDS-PAGE revealed a gradual decline in the intensity of the band corresponding to the ferritin L-chain in a H2O2 concentration-dependent manner, whereas the H-chain remained intact after incubation with various concentrations of H2O2 (Fig. 1A and B) . The participation of free radicals in the modification of ferritin by H2O2 was studied examining the inhibition of free radical scavengers during the reaction of the ferritin with H2O2. The modification of ferritin was shown to be effectively suppressed in the presence of azide, thiourea, and N-acetyl-L-cysteine ( Fig. 1C and D) .
It has been reported that oxygen superoxide, and various molecules with a low oxidation potential, including neurotoxin, 6-hydroxy dopamine might reduce ferritin iron and induce its release even in the absence of protein degradation (11) . This mechanism produces free radicals and may be involved in pathological conditions such as neurodegeneration. In this study, our results indicate that the modification of ferritin by H2O2 lead to protein fragmentation. In this respect, the H2O2-mediated ferritin modifications are similar to those reported for the oxidation of other proteins by lipid peroxides http://bmbreports.org (12, 13) and by exposure of proteins to ionizing radiation (14) .
A recent report has revealed that the total iron content of rat brain increased by γ-irradiation (15) . According to the analysis of the band density in the Western blot, the ferritin content decreased by 77±15% after γ-irradiation (15) . When living cells are exposed to γ-ray, a variety of ROS is generated and then induces oxidative damage to biological macromolecules (2) . A significant part of the initial damage done to cells by ionizing radiation is due to hydroxyl radicals. Our results suggest that ROS may be involved in the modification of ferritin by H2O2.
Trace metals such as iron and copper, which are present in a variety of biological systems, may interact with active oxygen species, ionizing radiation or microwave radiation to damage macromolecules (2) . In some biological cells, the cleavage of the metalloproteins by oxidative damage may lead to increases in the levels of metal ions (16, 17) . The participation of iron in H2O2-mediated ferritin modification was assessed via an examination of the protective effects of the iron chelator, deferoxamine. When ferritin was incubated with H2O2 in the presence of deferoxamine, the degradation of ferritin was prevented in a deferoxamine concentration-dependent manner ( Fig. 2A and B) . These results suggest that iron ions may participate in the mechanism of H2O2-mediated ferritin modification.
The reaction of ferritin with various concentrations of H2O2 resulted in a time-dependent increase in the release of free iron ions (Fig. 3) . This is because loosely bound iron ions were released from the ferritin. Hydroxyl radicals can be formed from H2O2 in the presence of transition metal ion such as iron or copper through Fenton-like reactions. Therefore, iron ions released by H2O2-damaged ferritin may lead to a pro-oxidant condition in cells.
In order to determine the target site against the H2O2 on the protein, ferritin that had been reacted with H2O2 was then evaluated by amino acid analysis following acid and alkaline hydrolysis of the modified proteins. Amino acid analysis of the H2O2-treated ferritin revealed a significant loss of aspartate, glutamate, histidine, leucine, and lysine residues (Fig. 4) . This suggests that the modification of these amino acids contributes to protein degradation and the release of iron ions from ferritin.
All amino acid residues of proteins are susceptible to oxidative modification by ROS, even though methionine, cysteine, tyrosine, phenylalanine, and tryptophan are the most sensitive targets (18) . However, it has been suggested that each form of ROS elicited a different pattern of protein oxidation (19) . In this study, H2O2 led to a significant loss of aspartate, glutamate, histidine, leucine, and lysine residues of ferritin. The release of iron ions from ferritin may be closely associated with the loss of glutamate and histidine residues because both ami-http://bmbreports.org BMB reports Ferritin was incubated without (gray bar) or with 1 mM H2O2 (black bar). After incubation for 3 h, the amino acid composition of acid and alkaline hydrolysates was determined as described under Materials and methods.
no acids are essential for iron binding. X-ray crystallographic data of the mouse L-chain has uncovered a metal-binding site on the cavity surface, which contains the residues Glu57, Glu60, Glu61, and Glu64, and one in the hydrophilic 3-fold channel that contains His118, Glu134, Asp131, and His136 (20) . Our results suggested that iron binding sites might be modified when ferritin reacts with H2O2. As a consequence of this oxidative modification, most of the iron contained within the molecule would be liberated from the ligand, and released from the oxidatively-damaged protein.
H2O2 production, mainly via O2
−.
, has been frequently observed in mitochondria and microsomes. There are also several enzymes that produce H2O2 without the intermediacy of O2 −.
. Normally, the level of cellular H2O2 can be kept relatively low through the action of mitochondrial glutathione peroxidase and cytosolic catalase. However, under certain conditions like ischemia reperfusion injury or inflammation, excess amounts of H2O2 are produced (21, 22) and can react with the metalloproteins in cells, to form protein radicals. Thus, H2O2-induced structural and functional modifications of ferritin may lead to oxidative stress and pathological complications of free radical-mediated diseases.
In conclusion, the present results suggested that H2O2 led to the modification of ferritin and iron release from the protein, involving free radical generation. Iron released from ferritin may lead to progressive neurodegeneration of the brain through oxidative stress. Therefore, the H2O2-mediated ferritin modification, in part, may provide an explanation for the pathogenesis of neurodegenerative disorders.
MATERIALS AND METHODS

Materials
Equine spleen ferritin (Calbiochem) was further purified by gel filtration chromatography. N-Acetyl-L-cysteine, thiourea, and deferoxamine were purchased from Sigma (St. Louis, MO, USA). Chelex 100 resin (sodium form) was obtained from Bio-Rad (Hercules, CA, USA). All solutions were treated with Chelex 100 resin to remove traces of transition metal ions.
Protein modification
Protein concentrations were determined via the BCA method (23) . Modification of ferritin (1 mg/ml) was conducted by the incubation with H2O2 in phosphate buffer (pH 7.4) at 37 o C. After the incubation of the reaction mixtures, the mixtures were put onto Microcon (Millipore) and centrifuged for 1 h at 13,000 rpm to remove the H2O2. The mixture was then washed with Chelex 100-treated water and centrifuged for 1 h at the same speed to remove any remaining H2O2. This process was repeated four times. The filtrate was then dried with a freeze dryer and dissolved with 10 mM potassium phosphate buffer (pH 7.4). The protection by free radical scavengers against H2O2-mediated ferritin modification was induced by the 5 min of preincubation of ferritin with free radical scavengers at room temperature, and the mixture was reacted with H2O2 for 3 h at 37 o C. The unreacted reagent was then washed through a Microcon filter (Millipore).
Analysis of ferritin modification
The samples (15 μl) were treated with 5 μl of 4× concentrated sample buffer (0.25 M Tris, 8% SDS, 40% glycerol, 20% http://bmbreports.org β-mercaptoethanol, 0.01% bromophenolblue) and boiled for 10 min at 100 o C prior to electrophoresis. Each sample was subjected to SDS-PAGE as described by Laemmli (24) , using an 18% acrylamide slab gel. The gels were stained with 0.15% Coomassie Brilliant Blue R-250.
Determination of free iron ions concentration
The concentration of iron ions released from oxidatively damaged ferritin was determined by using a bathophenanthroline sulfonate in the method described previously (25) . The reaction mixture contained ferritin (1 mg/ml), various concentrations of H2O2 and 10 mM potassium phosphate buffer (pH 7.4) in a total volume of 0.5 ml. The reaction was initiated by addition of H2O2 and incubated for 0-3 h at 37 o C. After the incubation, the mixture were then placed into an Ultrafree-MC filter and centrifuged at 13,000 rpm for 1 h. The colorimetric reagent was added into the filtrate for analyzed by a UV/Vis spectrophotometer (Shimadzu, UV-1601) at 535 nm. The final concentrations of the color reagent were 1% ascorbate, 0.02% bathophenanthroline sulfonate and 1% acetic acid-acetate buffer (pH 4.5).
Amino acid analysis
Aliquots of oxidized and native ferritin preparations were hydrolyzed at 110 o C for 24 h after addition of 6 N HCl. Since acid hydrolysis destroys tryptophan, the tryptophan content of oxidized and native ferritin preparations was determined by means of alkaline hydrolysis as described previously (26) . The amino acid content of acid and alkaline hydrolysates was determined by HPLC separation of their phenylisothiocyanatederivatives by using Pico-tag column and 2,487 UV detector (Waters, USA).
Statistical analysis
Values are expressed as the means ± S.D. of three to five separate experiments. Statistical differences between means were determined by the Student t-test.
